Protein and energy are two of the main limiting factors for sea urchin growth. However, the requirement of daily protein and energy to maximize gonadal production is still unknown. Paracentrotus lividus were fed three experimental diets: Ulva lactuca, Gracilaria conferta and a prepared diet for 2 months in the fall of 1999 and spring of 2000. Sea urchins from a laboratory-cultured population of equal age, weight and test diameter were used. Apparent digestibility coe⁄cients (ADC%) for protein and energy, using acid-insoluble ash as a marker, were measured for all experimental diets. Apparent digestibility coe⁄-cients for protein was high (475%) for all diets. Energy digestibility varied among the diets and was lowest for G. conferta (50^62%). The three diets contained varying digestible protein (DP) to digestible energy (DE) ratios of 25, 26 and 12 mg kJ À 1 for U. lactuca, G. conferta and the prepared diet respectively. Digestible protein intake was similar for all treatments, but DE intake was greater for sea urchins fed the prepared diet in both seasons. As a result, the gonad production was signi¢cantly higher for urchins fed the prepared diet, suggesting that energy was limiting in the algal diets. Paracentrotus lividus spawned during the spring experiment, resulting in protein loss in all treatments. Protein loss was lowest in the sea urchins fed the prepared diet. Enhanced gonadal growth and gamete development of P. lividus resulted from the higher dietary energy content of the prepared diet.
Introduction
Aquaculture of sea urchins requires understanding the quantity and quality of algal and prepared feeds for successful gonad production. Paracentrotus lividus (Lamarck) is a commercially important species in the Mediterranean region (Boudouresque & Verlaque 2001) . Many aspects of P. lividus nutrition have been studied including feed type (Fernandez & Boudouresque 1997; Ferenandez & Pergent 1998) ; comparison of di¡erent algal diets (Frantzis & Gre¤ mare 1992) and e¡ects of prepared diets (Fernandez & Boudouresque 2000; Spirlet, Grosjean & Jangoux 2001) . The advantage of prepared diets over natural algal diets on sea urchin gonad growth is known for some species (Lawrence, Olave, Otaiza, Lawrence & Bustos 1997; and using plant or animal protein sources a¡ects biochemical composition of gonads (Fernandez 1997) and gonad production (Lawrence, Fenaux, Corre & Lawrence1991) . However, little is known about the effect of dietary energy and especially the balance between protein and energy in the feeds. Most sea urchin prepared diets contain 20^40% protein and digestibility is generally greater than 60% (Frantzis & Gre¤ mare 1992; Klinger, Lawrence & Lawrence 1998; McBride, Lawrence, Lawrence & Mulligan 1998; , but information about energy content or digestibility is generally lacking. The total energy or protein of an algal or prepared diet may not represent the quantity of these nutrients that are available to P. lividus. As in ecological studies, digestibility values of protein and energy of the food consumed are necessary to determine the amount of each nutrient utilized by P. lividus (McClintock 1986) .
Gonads of sea urchins vary in size and gametogenic state during the year. Gonad production is greater in the post-spawning season than in the spawning season (Lozano, Galera, Lopez, Turon, Palacin & Morera 1995; Unuma, Kooichi, Furuita, Yamamoto & Akiyama 1996; Lawrence et al. 1997; Klinger et al. 1998) . Protein and energy are allocated to increases in body size or to gonadal production, depending on the animals' reproductive condition (Edwards & Ebert 1991; Pearse & Cameron 1991; Fernandez & Boudouresque 2000) .
The purpose of this study is to compare the e¡ects of protein and energy on gonad production and body composition in adult P. lividus fed algal and prepared diets during and after the spawning season. Application of this information will help improve and optimize diet formulations for the culture of sea urchins.
Materials and methods
Two identical,60-day studies were conducted during fall (October^December 1999) and spring (MarchM ay 2000). All methods apply to both studies unless otherwise stated. All reported values are mean AE SD.
Experimental conditions
Seawater £ow from a common manifold was 0.5 L min À1 to each aquarium with temperature recorded twice daily. Dissolved oxygen, pH and salinity were measured weekly. Mean seawater temperature was 24.2 AE 0.9 1C (n 5120, two measurements day
À1
) in the fall and 21.4 AE 0.7 1C (n 5120) in the spring. Dissolved oxygen was 90^100% saturation and mean pH was 8.17 AE 0.05 (n 512 per experiment, one sample week À1 for dissolved oxygen, pH and salinity). Salinity was constant at 41ppt. The seawater system supplied a continuous £ow of seawater ¢ltered to 100 mm to the experimental aquaria. Aquaria dimensions were 20 Â 35 Â 15 cm. Each aquarium was vigorously aerated and contained 10.5 L of seawater. Sea urchins were always in close proximity to their food and were checked every morning and evening when temperatures were recorded. Adult P. lividus were selected from a cohort produced by spawning individuals in the laboratory in December 1997. Animals were starved for 1 week prior to starting both studies to ensure similar nutritional condition for each individual. Sea urchins were measured (horizontal test diameter, HD) to the nearest 0.01mm, weighed (whole wet weight, AE 0.01g) and placed in replicate, randomly arranged, glass aquaria (n 5 3 aquaria diet
, 10 urchins aquaria
). Initial mean test diameter and whole animal wet weight were 30.7 AE 1.5 mm and 13.1 AE 1.5 g in the fall and 34.3 AE 1.4 mm and 18.7 AE 1.7 g in the spring.
An initial sample (n 5 20) of P. lividus, and all animals at the conclusion of both studies, were dissected.Wet body compartments (gonad, gut, lantern, test) were weighed to the nearest 0.01g. The body compartments were dried at 105 1C for 24 h and reweighed. Interstitial water and coelmic £uid lost during dissection and desiccation is not relevant to protein and energy intake, e⁄ciency or gonad production. Whole animal dry weight in this study is the sum of the dry body compartments. Gonad index (%) was calculated as (dry gonad weight (g)/dry body weight (g) Â 100) and as (wet gonad weight (g)/ whole animal weight (g) Â 100). Dry body compartment indices are given for gut, lantern and test.
One gonad section from each animal in the initial sample (n 5 20) and a sub-sample from each treatment (n 510 per diet treatment, ¢ve females, ¢ve males) were preserved in neutral-bu¡ered formalin to determine the reproductive state according to Byrne (1990) . These were: (1) recovering stage with small previtellongenic oocytes or primary spermatocytes; (2) growing stage with many large nutritive phagocytes; (3) mature stage with no or few nutritive phagocytes around oocytes or spermatozoa; (4) partly spawned stage with some void spaces containing few nutritive phagocytes and loosely packed gametes and (5) spent stage with gonads appearing empty.
Feeding study
The diets fed P. lividus were fresh, cultured Ulva lactuca and Gracilaria conferta (Cohen & Neori 1991) and an extruded moist pellet, hereafter referred to as the prepared diet. The prepared diet was manufactured by Wenger International (Kansas, MO, USA). Qualitative di¡erences between the three diets were not considered in this study.
Sea urchins were fed every 3 or 4 days. At each feeding, uneaten food was removed and fresh algae or prepared diet added. Each week, feed intake was measured during one 3-day interval. To measure feed intake, uneaten food was siphoned through a 1mm mesh to remove feces, pieces of spines and detritus. Mean daily food ingested per urchin was calculated as the di¡erence between the feed introduced and that removed. Excess moisture was removed from the algae by squeezing it in a mesh net and blotting on paper towels before weighing. The percent moisture of each feed was determined by drying samples to constant weight at 60 1C. Feed intake is given as milligrams of dry food consumed animal À1 day
À1
. Food was available in excess at all times. Four individuals died. In both fall and spring, one mortality occurred in the U. lactuca and one in the prepared diet treatments. Feed ingestion calculations were adjusted for mortalities.
Dry matter, protein, ash and energy of the algae, U. lactuca and G. conferta, were determined at weekly intervals to determine the composition. Average values during the 2-month trials were used to calculate diet composition (Table 1) .
For the algal diets, control aquaria (n 5 2 per species) without P. lividus were used to measure algal growth or degradation. There was no signi¢cant change in algal weight during the 3-day feeding intervals. Changes in algal biomass were 0.016 AE 0.013% and 0.019 AE 0.018% for U. lactuca and G. conferta, respectively, during both seasons. The protein of the algae did not change in 3 days (Shpigel, Ragg, Lupatsch & Neori 1999) .
Digestibility
Nine separate groups of P. lividus from the same laboratory cohort were fed U. lactuca, G. conferta or the prepared diet to obtain feces samples (n 510 animals aquaria
À1
, three replicates diet
). Incoming sea water for feces collection was ¢ltered to 1 mm. Feed was removed in the evening. Feces were collected 10 h later by siphoning onto a 60 mm mesh. The feces were dried to a constant weight at 60 1C. Feces from the same aquaria were combined over the sampling period to provide su⁄cient fecal matter for analysis.
Apparent digestibility coe⁄cients (ADC) for protein and energy were calculated using acid insoluble ash (AIA) as a marker where: Identical analyses were applied to the diets, fecal matter and sea urchin body compartments. Dry matter was calculated by weight loss after 24 h drying at 105 1C. Protein was measured using the Kjeldahl method and multiplying N by 6.25. Lipid was measured after chloroform^methanol extraction (Folch, Lees & Sloane1957) . Samples were homogenized with a high-speed homogenizer for 5 min and lipid was extracted gravimetrically after separation and vacuum drying. Ash was calculated from the weight loss after incineration for 24 h at 550 1C in a mu¥e furnace and AIA content according to Atkinson, Hilton and Slinger (1984) . Gross energy content was measured by combustion in a bomb calorimeter (Parr Instrument Company, Moline, IL, USA) using benzoic acid as a standard. Protein and energy of gonads and whole animal are compared using dry weights.
Statistical procedures
Two-way analysis of variance (ANOVA) using season and diet as main factors were carried out using aquarium means (n 5 3 per treatment) for the ADC values, dry feed consumption, sea urchin dry weight, dry body compartment indices and protein and energy (mg or kJ animal À1 ) for P. lividus gonads and whole animal. ANOVA were conducted using aquarium means and a Po0.05. For all ANOVA, the degrees of freedom are 1 (season), 2 (diet), 2 (interaction) and 17 (error). Pair-wise di¡erences were compared using Tukey's test. The data showed homogeneity of variance (Cochran's C-test) and were normally distributed (Kolmogorov-Smirno¡ test with Lilliefors modi¢cation). Reproductive stage, DP and energy intake and protein and energy e⁄ciencies are compared qualitatively.
Results

Diet composition and digestibility
Composition of the three feeds for fall and spring are given in Tables 1 and 2 . Seasonal variation was observed for the algae, especially for G. conferta, which had lower protein and energy values in fall compared with spring. The prepared diet did not vary seasonally. Apparent digestibility coe⁄cients values for protein were signi¢cantly lower for G. conferta in fall than in spring and there were no seasonally signi¢-cant di¡erences for U. lactuca or the prepared diet (Table 3 ). In the fall, ADC for protein was signi¢cantly greater for P. lividus fed U. lactuca compared with those fed G. conferta. There were no signi¢cant di¡er-ences for ADC for energy between seasons. Apparent digestibility coe⁄cients for energy was signi¢cantly lower for G. conferta, while higher and similar for U. lactuca and the prepared diet in both seasons.
Feed intake
A decrease in feed consumption during the third week in the spring for P. lividus fed the prepared diet treatment corresponded with spawning ( Fig. 1) . Sea urchins fed U. lactuca and G. conferta spawned during weeks 4 and 6 (Fig. 1) . After spawning, P. lividus fed prepared diet treatment had a greater dry feed intake for the duration of the experiment. Sea urchins fed algal diets showed a slight increase in food consumption during the last 2^3 weeks.
Feed consumption on a dry matter basis was signi¢cantly di¡erent between season, diet and their interaction (Fig. 2) . In spring, P. lividus consumed signi¢cantly more prepared diet than either algal species (Fig. 2) . In fall, P. lividus consumed signi¢-cantly more G. conferta compared with the prepared diet or U. lactuca. Paracentrotus lividus consumed signi¢cantly more prepared diet treatment in spring than fall, signi¢cantly more G. conferta in the fall than spring and equal amounts of U. lactuca in spring and fall (Fig. 2) .
Whole animal dry weight
Signi¢cant di¡erences between season and diet showed spring dry weights were greater than fall, primarily because of the large gonads. Paracentrotus lividus fed the prepared diet were signi¢cantly heavier than those fed algal diets. There were no signi¢-cant di¡erences between P. lividus dry weights in the algal treatments. The sea urchins were also slightly larger in spring than fall because of somatic growth of the laboratory cohort (Table 4) .
Dry body compartment indices
The main factors, season and diet, signi¢cantly a¡ected gonad index (Table 4) . Spring gonad index was greater than fall (Table 4) . P. lividus fed the prepared diet had signi¢cantly greater gonad indices than those fed U. lactuca or G. conferta in both seasons.There were no signi¢cant di¡erences between gonad indices of P. lividus in algal treatments within seasons. Gut index was signi¢cantly a¡ected by both season and diet. Fall gut indices were greater than spring indices. Gut indices for P. lividus fed the prepared diet were greater than both algal diets. Lantern indices were signi¢cantly a¡ected by the diet/season interaction. Lantern indices for sea urchins from the algal treatments were signi¢cantly greater than those for P. lividus fed the prepared diet, but only in the fall. Test indices were signi¢cantly affected by season and diet, but not their interaction. Test indices were greater in the fall and greater for P. lividus in algal treatments compared with the prepared diet.
Gonad and whole animal protein and energy
Signi¢cant di¡erences between season, diet and their interaction indicated that whole animal protein (mg animal
À1
) was greater in spring than fall for all diets (Tables 3 and 5) . Paracentrotus lividus fed the prepared diet had signi¢cantly greater protein than sea urchins from the algal diets. There were no significant di¡erences in whole animal protein between P. lividus fed the algal diets.
Spawning in all diet treatments during the spring experiment resulted in a decrease of gonadal protein (mg animal
) compared with the initial sample. Gonadal protein was signi¢cantly di¡erent between season and diet with spring values greater than fall (Table 5 ). Gonadal protein of P. lividus fed the prepared diet was signi¢cantly greater in sea urchins than gonads from algal treatments in both seasons. Whole animal and gonadal protein increased during the fall study and decreased during the spring.
Whole animal energy (kJ animal
) and gonad energy were signi¢cantly a¡ected by season, diet and their interaction. Energy content of whole animal and gonads was greater in spring than fall for all treatments and sea urchins fed the prepared diet had signi¢cantly greater energy content than animals from the algal treatments (Table 5 ). There were no signi¢cant di¡erences in energy of gonads or whole animal between the algal treatments. Whole animal energy content increased in the prepared diet treatment in both experiments and decreased for algal treatments in the spring. Gonadal energy content increased in the fall for all treatments. In the spring, P. lividus fed the prepared diet showed an increased gonadal energy content while sea urchin gonads from algal treatments decreased in energy content.
DP and energy intake and e⁄ciencies
Daily DP intake in the fall was similar for all dietary treatments and amounted to 13.7 AE 0.7, 12.2 AE 1.3 and 13.4 AE 0.3 mg for U. lactuca, G. conferta and the prepared diet respectively (Fig. 2) . In the spring, DP intake was higher in the prepared diet treatment because of higher food consumption (Fig. 2) . During the spring experiment, total protein intake with prepared feed was twice as great compared with algal treatments (Fig. 2) . Protein e⁄ciency was two to three times greater in the prepared diet compared with algal treatments in the fall (Table 4) . Protein e⁄ciency was negative for all treatments in the spring.
High dietary energy in the prepared diet treatment resulted in high DE intake in fall and spring (Fig. 2 ). Digestible energy intake was two to three times greater in the prepared diet compared with algal treatments in the fall and spring respectively. Energy e⁄ciency in the prepared diet was double that of algal diets in the fall and was positive in the prepared diet treatment in the spring.
Reproductive stage
Initially in fall, P. lividus were in spent, recovering and growing stages (Fig. 3) . At the end of the experiment, sea urchins fed U. lactuca were in the recovering stage while individuals fed G. conferta resembled the initial sample. Greatest changes in reproductive stage were found in gonads of P. lividus fed the prepared diet where gonads at the end of the experiment were recovering, growing and premature.
Initially in spring, P. lividus were in mature, partly spawned, spent and recovering stages. Spawning occurred during the spring. Most sea urchins fed U. lactuca and G. conferta were in the recovering and spent stage at the end of the study. In the prepared diet treatment, most P. lividus were in the recovering stage.
Discussion
Results from both seasons suggest that dietary energy content was the main limiting factor for P. lividus under conditions of this experiment. In the fall, DP intake was similar in all treatments, but gonad production was greatest in the animals fed the prepared diet. The dietary DP/DE ratios show that for each 24 mg of U. lactuca consumed in the fall, only 1kJ of energy was available. The DP/DE ratio of the prepared diet was 12 mg kJ
À1
, meaning, that twice as much energy in relation to protein was available from the prepared diet. As dietary protein may function as an energy source apart from its essential role in growth, low energy intake in urchins fed the algal diets may have resulted in use of protein to meet absolute energy requirements, resulting in lower gonadal growth. This holds true for a number of aquatic species such as ¢n¢sh (Lupatsch, Kissil, Skalan & Pfe¡er 2001) .
In the spring, because of spawning, protein e⁄-ciencies were negative in all treatments. Positive energy e⁄ciency was found only in the prepared diet treatment where gonad index remained around 13%. Energy intake in urchins fed the prepared diet was double that of algal treatments. Although not measured, it is possible that greater gonad production for many species of sea urchin species fed prepared diets compared with algal diets may result from higher energy intake in the prepared diet treatments (Lawrence et al.1997; Barker et al.1998; Cook et al.1998) .
In the fall trial, P. lividus apparently consumed feed according to energy requirement. High feed intake in the G. conferta treatment plus low ADC for energy may have resulted in physiological limitations associated with the absorption of energy. Three times as much mass of algae was consumed as of prepared diet. Echinoids have a poor gut musculature and regulate gut water content to a constant volume (de Ridder & Jangoux 1982) . In the fall, when gonads were small, P. lividus could consume large masses of algae but in spring when gonads were large at the start of the experiment, intake of both algal diets was lower than of the prepared diet. Lower feed intake together with lower protein and energy availability resulted in loss of gonadal production, protein and energy in the algal treatments.
The gut of sea urchins allows immediate storage of nutrient reserves (Lawrence & Klinger 2001) . The increases in gut index seen in both seasons for P. lividus fed the prepared diet allow more digestion and absorption (Lawrence, Lawrence & Holland 1965; Bishop & Watts 1992 ). An abundant and high-quality food supply results in increases to the digestive system capacity which contributes to production (McBride, Lawrence, Lawrence & Mulligan 1999) . Low gut index in the algal treatments suggests these diets did not contain high quality or quantity of nutrients and that storage of nutrients did not occur in these treatments. The prepared diet is an extruded product where carbohydrates are heated, possibly making them more digestible compared with algal carbohydrates (Whistler & Bemiller 1999; Akiyama et al. 2001) . The prepared diet also contains vitamin and mineral supplements and was consistent in quality. Seasonal di¡erences in algal composition may affect sea urchin digestion and production (Fuji 1967; Agatsuma, Matsuyama & Nakata 1996; McBride et al. 1998 ).
In the prepared diet treatment in the spring, protein intake by P. lividus was low and protein e⁄ciency was negative as a result of spawning. The change in reproductive stage within the gonad despite no change in gonad index shows the importance of histological analysis. Size of the gonad alone does not reveal how the food consumed was utilized by P. lividus. The slight increase in energy content for P. lividus in the spring is also indicated by the changes of the reproductive stage from mature to growing reproductive stage, in e¡ect, the beginning of the next gametogenic cycle. Mature gonads released gametes and 70% of the individuals fed the prepared diet were in the growing stage in the prepared diet treatment in the spring. At this stage gonads contain less gametes, hence lower protein content and grow rapidly (Walker, Unuma, McGinn, Harrington & Lesser 2001) .
Gonadal growth following spawning resulted from increase in nutritive cells. The histological changes in the gonads con¢rm the loss of gametes as the gonads progressed from mature to recovering and growing gonads. The availability of nutrients in the prepared diet positively a¡ected gonadal growth during both seasons. The mature gonads of P. lividus at the beginning of spring were most likely near their maximum protein content. Protein level would be expected to decrease as gametes were lost during spawning (Pearse & Cameron 1991) although the protein loss was lowest in the prepared diet treatment. In an elegant dietary protein study with Lytechinus variegatus, dietary protein content a¡ected gonad protein content by increasing the size of nutritive phagocytes and therefore protein storage capacity (Hammer, Hammer,Watts, Desmond, Lawrence & Lawrence 2004 ).
Food consumption rates also indicate spawning by their decrease and subsequent rise, particularly evident in the prepared diet. Lack of change in gonad index and reduced feed consumption in mature echinoids with high gonad index is widely reported (Fuji 1967; Ebert 1968; Meidel & Scheibling 1998) . Minimum feed intake at spawning and maximum feed intake following spawning is known for P. lividus (Fernandez & Boudouresque 2000) .
Mean temperature di¡erences between fall and spring did not appear to a¡ect ADC for protein and energy. Digestibility coe⁄cients found with the diets tested here are similar to those found in other studies with P. lividus and other sea urchins (Frantzis & Gre¤ mare1992; Klinger et al.1998; Lawrence & Klinger 2001) . Changes in digestibility coe⁄cients may require greater seasonal changes in temperature, such as those reported by Fuji (1967) .
Gonadal growth and development found in P. lividus fed the prepared diet indicate that besides protein, the energy content is one of the limiting factors for growth during the growing and mature stages of the reproductive cycle. This may partially explain why other studies show greater gonadal production with prepared diets compared with algal diets. Although low protein absorption has been shown to reduce gonad production, the signi¢cant e¡ect of increased energy availability was seen in the high gonadal index and progression in the reproductive cycle of P. lividus fed the prepared diet. In the prepared diet treatment, available energy was su⁄cient and accounted for signi¢cantly greater gonadal production. Further studies examining a range of dietary energy content would be useful. Successful sea urchin aquaculture requires understanding energy needs for production, economic e⁄ciency and understanding the interaction of energy with other dietary components.
